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Introduction
The study of ecological networks has grown considerably over the past few decades due to advances in their description and analysis (Pascual and Dunne 2006) . Concepts borrowed from graph theory, such as nodes, links, link density, and connectance are now commonly used in the analysis of food webs (Dunne et al. 2002) and plantpollinator (Olesen et al. 2007 ), host-parasitoid (Müller et al. 1999) , and plant-plant facilitation networks (Verdú and Valiente-Banuet 2008) . This interest in network analysis is based on the intuition that many of the dynamical properties of networks depend on the particular arrangement of their nodes (i.e., the topology of the network; Bastolla et al. 2009; Thébault and Fontaine 2010) . After all, interaction networks can be seen as representing the skeleton of an ecological community. Therefore, a deeper understanding of the topologies of real networks should enable us to anticipate some of their dynamical properties. To reach such an understanding, we must develop topological descriptors that are intrinsically related to the dynamical properties of the system. Some steps have recently been taken in this direction. For example, the analysis of coextinction cascades (an aspect of stability) in food webs is moving from purely topological approaches (Dunne et al. 2002; Allesina and Bodini 2004; Allesina et al. 2005; Verdú and Valiente-Banuet 2008) to the incorporation of dynamical properties (Allesina and Pascual 2009) .
A useful link between network topology and dynamics lies in the graph theoretical concept of strongly connected components (SCCs). The SCCs of a directed network are groups of nodes; resources can flow (directly or indirectly) from any node in a group to any other node in the same group, and back (i.e., resources can cycle between any pair of nodes within a SCC). Two nodes belong to different SCCs if resources cannot flow between them or if resources can flow between them (directly or indirectly) but only in one direction. The concept of SCC is clearly related to topological properties of ecological networks such as the existence of compartments (i.e., more than one multispecies SCC) and resource cycles (Allesina et al. 2005; Borrett et al. 2007; Fath and Halnes 2007) . However, SCCs are more than a topological characteristic of networks. The concept of SCC derives from graph theory and has equivalents in matrix theory (the blocks in the main diagonal of the lower triangular block form, or the equivalence classes of a reducible matrix), in which it plays an essential role in the understanding of stability (Variano et al. 2004 ). Here, we use the complementarity between the theory of nonnegative matrices (Berman and Plemmons 1994) and graph theory (Bondy and Murty 2008) to build a framework for the analysis of ecological network topology and dynamics.
We use this framework to explore the topology of nine published food webs and 10 unpublished replacement networks (networks of the interactions between adult plants and the young recruits growing beneath them) as study cases. Specifically, we sought to understand the functional topology of networks, that is, the elements in the topology of a network that allow us to understand its stability. We focus on the evaluation of robustness and persistence as qualitative aspects of system stability. Persistence has been variously defined (e.g., DeAngelis et al. 1979; Jordán and Scheuring 2004) ; here, we follow recent usage in the food web literature wherein persistence measures the proportion of the species in a community at equilibrium (Thé-bault and Fontaine 2010; see also Stouffer and Bascompte 2011 for a similar definition). Robustness establishes the extent to which the (primary) extinction of one species may lead to subsequent (secondary) extinctions (Pimm 1979a; Dunne and Williams 2009 ). Persistence and robustness are qualitative measures of stability in the sense that they do not involve quantitative estimates of species abundance, only estimates of species presence or absence.
In this study, we introduce the framework and demonstrate how it can be used to develop hypotheses about functional topology and stability, as well as the relationships between these properties, in ecological networks. We show that food webs and replacement networks have similar functional topologies, with very low modularity, which confers on them a high qualitative stability.
Material and Methods
Before the methodological details are described, it should be stressed that our approach is intended to explore qualitative questions about the structure and dynamics of assemblages of interacting species (e.g., about the presence or absence of interactions, not about their strength; about the extinction or persistence of species, not about their abundance). The framework used here applies primarily to ecological networks with high taxonomical resolution. The application of this framework to simplified ecosystem networks in which many species are lumped into a few compartments (such as detritivores, primary producers, or large carnivores) must be undertaken with caution (e.g., the predicted persistence of a given compartment does not necessarily imply the persistence of all its constituent species). It should also be noted that this framework applies only to unipartite networks. Its application to bipartite interaction networks (such as plant-pollinator or host-parasite networks) could be achieved by transforming them into unipartite networks, but demonstrating this is beyond the scope of this study.
General Framework
Our framework uses a conceptual model of resource flow in ecological communities as well as a combination of dynamical community models and the topological analysis of their interaction network. Here we present a summary of the framework; a more detailed description is given in the appendix, available online.
Conceptual Model of Resource Flows.
We consider communities as open systems in which raw resources are generated by an external source (the root node hereafter), enter the network through one or more of its constituent species and are processed in different forms that flow (and possibly cycle) within the network until they eventually exit the system. The root node is an external member of this system, so resources cannot return to it (i.e., resources can cycle only among the internal members of the network). Every node in the network can retain part of its resources (e.g., investing them in growth, storage, or reproduction), so every node in the system has a self-cycle. In food webs, the raw resources can be light, mineral nutrients, or detritus, which come exclusively or partially from external sources such as the sun or exogenous detritus. There is always an input of raw resources into the food web from the root node. This input enters the food web through the primary producers or the detritus compartment, is processed, and flows through the web in the form of various biomolecules, mineral nutrients, or free energy. In replacement networks, the raw resources are the disturbed spaces created by external forces such as fire or strong winds. The input of raw resources in replacement networks is not necessarily constant, as natural disturbances may occur infrequently. Newly disturbed space is initially occupied by pioneer plants, which transform the biotic and abiotic properties of the space until they eventually die and are replaced by other plants.
Functional Topology: Combining Topology and Dynamics. Our framework assumes that communities can be modeled using linear time-invariant (LTI) models. This framework can be applied to systems modeled in either discrete or continuous time as long as the model matrix (A) is square and nonnegative (i.e., all of its elements are zero or positive) or Metzler type (i.e., all of the elements of the matrix are nonnegative except for those in the main diagonal, which can be negative). For simplicity, hereafter we will use the term "nonnegative matrix" to refer to both types of matrices. Time-invariance is not strictly necessary: the zero elements of the state transition matrix A must remain zero (i.e., they are structural zeros or forbidden links; Jordano et al. 2003) , the nonzero elements of the main diagonal of A can take any value, and the nonzero offdiagonal elements of A may vary as long as they remain always positive (i.e., an interaction cannot disappear). The approach is robust to this type of temporal variation in the coefficients of the model. These types of matrices occur, for example, in Markov chain models (Horn 1975; Hill et al. 2002) , some Lotka-Volterra models of competing organisms (Spencer and Tanner 2008) , and models of resource flow in food webs (Tollner et al. 2009 ). LotkaVolterra models involving negative interspecific interaction coefficients (e.g., classical predator-prey models) cannot be addressed using our approach. However, such cases can be qualitatively analyzed using the theory of signed matrices (May 1973; DeAngelis et al. 1979; Dambacher et al. 2003, Allesina and Pascual 2008) . Some important dynamical properties of the matrix models addressed by our framework can be determined through knowledge of the topology of their interaction networks alone, being true no matter what value the flows or the interaction strengths may happen to take in reality (Luenberger 1979) . This enables the exploration of important aspects of network dynamics when, as is typically the case, the precise values of the interaction parameters are unknown.
One of the dynamical models that can be explored through this framework can take the following form:
In this equation, x is a vector of x i values of the state variables at time t (with , where n indicates i p 1, ... , n the number of variables in the network; these can be species, trophospecies, or other groupings of organisms, including a root node), and A is a square nonnegative matrix with entries a ij ( ). The a ij are frequently inj p 1, ... , n terpreted as probabilities of replacement or resource flows. Associated with matrix A is the matrix A (the adjacency matrix), which is obtained by replacing each in A a ( 0 ij with 1. A contains only qualitative information about A, such as which species interact with which others but not how strongly or how often they do so. The topological and dynamical properties addressed by our framework can be obtained from the A of a nonnegative matrix.
The adjacency matrix is equivalent to an unweighted directed graph G(A) with n nodes and m links. An arrow from node j to node i corresponds to in A and a p 1 ij indicates that resources flow from species j (the prey species or the plant species being replaced) to species i (the predator or the recruiting plant). The fundamental pieces of the functional topology of a network are the strongly connected components (SCCs). An SCC is a group of nodes in G(A) such that there is a (direct or indirect) path from i to j and from j to i for every pair of nodes ( fig.   1 ). Some useful definitions relative to SCCs are: (i) the size of an SCC is the proportion of the total nodes in G(A) that it contains; (ii) an SCC formed by a single node is a trivial SCC; (iii) SCC k 1 has access to SCC k 2 if k 1 receives resources from k 2 (fig. 1) ; (iv) an SCC is called final if none of its members receive arrows (i.e., they do not have access to resources) from nodes outside of the SCC; and (v) an SCC is called basic if its largest eigenvalue is the largest eigenvalue of A. The following are key properties of SCCs: (i) the SCCs of a graph are disjoint groups of nodes (each node belongs to only one of the SCCs of the network); (ii) the number of SCCs in a graph may range between 1 (indicating that all of the nodes belong to the same SCC; fig. 1A ) and n (indicating that each SCC is formed by one node); (iii) if none of the nodes is explicitly declared as basic (for some biological reason), then the largest SCC is the most likely to be the basic SCC (see app. A); (iv) the species belonging to a basic SCC and those with access to it will persist in the stable state of the community (Gantmacher 1959) ; and (v) the members of an SCC share a common fate (in the stable state, either all members persist or all members disappear).
According to these definitions and properties, the root node is always a trivial and final SCC. In food webs, the root node must be a basic SCC because there must be a continuous input of raw resources into the network. However, in replacement networks, the root node does not necessarily persist, because disturbances may recur at variable intervals. In our model of replacement networks, we will assume successional dynamics in which an initial disturbance (i.e., an initial input of resources) occurs but no subsequent disturbances occur within the time required by the community to reach the stable state. Therefore, the root node in replacement networks must be nonbasic and does not persist.
Modularity and Persistence. The stable state distribution of an LTI model is given by the dominant eigenvector of A. The dominant eigenvector of A cannot be used to infer the relative abundance of species in the stable state (a quantitative dynamical property), but it does indicate which species will persist (a qualitative dynamical property). Thus, the proportion of nonzero values contained in the dominant eigenvector of A can be used to estimate persistence. This property of nonnegative matrices holds for any nonzero values of a ij .
If one is interested only in estimating persistence, simple analysis of the dominant eigenvector of A suffices (Allesina and Pascual 2009 ). However, much more insight can be gained by understanding how persistence is related to functional topology. (1) If A has a single SCC, the whole network is strongly connected, and the matrix is said to be irreducible. In this case, the Perron-Frobenius theorem implies that all of the species in the network will persist ( fig. 1A ). An ecological network is strongly connected if resources can flow from any member of the network to any other. This condition seems unlikely in large ecological networks but may occur naturally in small assemblages or artificially when large networks are collapsed into a few compartments. In any case, the addition of the root node, as we define it, transforms any irreducible network into a reducible one. (2) If the network is reducible and all of its final SCCs are basic ( fig. 1B) , all of the species will persist (Gantmacher 1959) . In real ecological networks, it is unlikely that several SCCs will be basic because this requires that they have exactly the same largest eigenvalue in A. Thus, we expect reducible networks with more than one final SCC not to be maximally persistent ( fig. 1D ). (3) In a reducible network, there can be SCCs with no access to a basic SCC ( fig. 1C ). In this case, only the basic SCCs and those with access to them will persist (Rothblum 1975) . Those SCCs supplying resources to a basic SCC (or to SCCs with access to the basic SCC) will eventually become extinct. (4) Some reducible networks can be divided into subnetworks ( fig. 1D ). The subnetworks that do not contain a basic SCC will eventually become extinct. Items (2) and (3) described above apply to the subnetwork containing a basic SCC. Thus, networks divided into subnetworks should exhibit low persistence.
We can now formulate several predictions about the functional topology of ecological networks and their persistence. Reducible networks that exhibit subnetwork structure should be uncommon because they should be transient: in a network that contains subnetworks, those species not linked to the basic SCC will disappear, and after their extinction, the network will no longer contain subnetworks ( fig. 1D) . Thus, the topology of an ecological network should most often fall somewhere between that of an irreducible network ( fig. 1A ) and that of a reducible network divided into subnetworks ( fig. 1D ). But there is still a wide range of topologies between these two extremes. To restrict this range we can consider the number and size of the SCCs expected in a persistent reducible network. To this end the concept of network modularity is useful. The concept of SCC is related to the concept of modules in ecological networks (Allesina et al. 2005; Borrett et al. 2007) . Once a partition of G(A) into modules is biologically or mathematically defined, we can calculate the modularity of this partition. Modularity indices measure the extent to which the species within one group interact with each other more than with other species in the network. All else being equal, modularity is higher when groups have the same number of species (but more than one each), lower when one group is larger than the others, and perhaps even negative when many species do not belong to any group. At the same time, all else being equal, modularity is higher when groups have fewer links among them (as is the case with subnetworks). However, the persistence of a nonbasic SCC is possible only when it has access to a basic SCC, and thus we expect a negative correlation between modularity and persistence. A consequence of this negative correlation is that empirical networks should have low modularity. Although the lowest modularity can be found in networks formed only by trivial SCCs, we expect (on empirical grounds) that at least a few species will interact, forming a nontrivial SCC. From these considerations, we expect to find ecological networks structured as a large (core) SCC with a variable number of smaller (even trivial) SCCs connected to it.
Network Topology and Robustness. Robustness, or species deletion stability (sensu Jordán and Scheuring 2004) , is another qualitative aspect of network stability. Robustness concerns the cascade of secondary extinctions that may occur if a given species disappears from the network. The effect of random node extinctions on network properties is termed error sensitivity (ES), and the effect of node extinctions chosen according to some criterion is termed attack sensitivity (AS). The method used here to estimate robustness combines the methods of Allesina and Bodini (2004) and Allesina and Pascual (2009) . We first pruned G(A) to retain only those species persisting in the stable state of A; that is, we removed those species that would disappear independently of the removal of any other species. From the resulting pruned matrix (P), we removed one focal species (i) and obtained the dominant eigenvector of the resulting new matrix P -i . The species not present in the stable state of P -i are those that would become extinct as a consequence of the removal of the focal species. The number of such species is the size of the cascade of secondary extinctions initiated by the extinction of species i. We repeated these steps for each species in P to estimate ES and AS using the formulas proposed by Allesina and Bodini (2004) . Note that ES and AS measure sensitivity as opposed to robustness; the higher the value of ES or AS, the lower the robustness of the network.
The higher the modularity of a network, the lower the number of links between compartments, increasing the chance that removal of one species will disconnect the compartments and create subnetworks, resulting in secondary extinctions. Thus, in general, modularity and robustness are expected to be negatively correlated.
Network Analyses
In 2009 and 2010, we conducted a field study in Sierra de Jaén (southern Spain) as part of a project on postfire plant community dynamics. We explored 10 replacement networks of woody plants (table 1) in patches of vegetation that had been affected by wildfires 12-30 years previously and in patches of vegetation that had not been affected by wildfire in more than 50 years. We paired 5 plots from the former group with 5 plots from the latter. The plots in each pair were as similar as possible in terms of altitude, aspect, and soil. In each plot, we surveyed four 50 # 5-m transects spaced at least 50 m apart. Along each transect, we noted the presence of saplings and the species of trees, if any, growing immediately above. All of the interactions observed in the transects were used to assemble the replacement network. In addition to our own replacement networks, we also analyzed nine published food webs (table 1). We added a root node to each network as described in the conceptual model.
We analyzed each adjacency matrix as follows. First, we obtained basic topological parameters-the number of species and the directed connectance-for the entire network (table 1) . We then assessed the partitioning into SCCs and obtained the number of nontrivial SCCs as well as the size and the directed connectance of the largest SCC. To characterize the partitioning of the network into SCCs, we used the index of modularity for directed unweighted networks Q d (Arenas et al. 2007 ):
In this index, k in and k out are the in-degree and outdegree of a node, which are the sums of the values along its column and its row in A , respectively; and d(C i , C j ) is the Kronecker delta function, which yields a value of 1 if vertices i and j are in the same compartment and 0 otherwise. To allow comparison with previous studies, we also estimated the partition of each network through maximization of the undirected modularity Q (Newman and Girvan 2004) using the algorithm proposed by Clauset (2005) and implemented in Mathematica 6.0 (Wolfram Research 2007) . From this partition we obtained Q max (the maximum value of Q), the number of compartments and the size and directed connectance of the largest compartment. Finally, we calculated the basic stability parameters-persistence, ES, and AS-for the whole network.
As described above, we predict that ecological networks should be formed by a single large SCC. However, the presence of a single large SCC does not demonstrate the existence of ecologically arranged interactions. The likelihood that a network formed by the random assignment of interactions among species has a single large SCC increases rapidly as the link density rises above 1 (Barbosa et al. 2003) . Thus, in order to assess whether the topology of the facilitation networks could be created by random interactions between species, we compared the parameters of each original matrix to their 95% confidence intervals for 1,000 random matrices. Each random matrix had the same numbers of species and links and the same root node properties (the same in-and out-degrees) as the original network.
Additionally, for each type of network, we explored the correlations between aspects of their stability and the topological properties of their partitions (based on SCCs or on modularity maximization). All of the variables except the modularity indices were log transformed. We also tested whether the topology-stability correlations characterize ecological networks or are general properties of ran- dom networks. To this end, we applied a Monte Carlo procedure using 500 sets of random matrices. Each set contained 9 or 10 matrices (for food webs and replacement networks, respectively). Each random matrix was built using a number of species and a link density randomly chosen from a uniform distribution within the range of values of the empirical networks. The only constraint on building the random networks was that the root node was forced to be a final SCC in all networks and the basic SCC in food webs (matching the assumptions made in the empirical networks). We obtained the topological and stability properties of each random matrix and, for each set of random networks, we estimated the correlations between the topological and stability properties. We declared an observed correlation to be significant if its Pearson correlation coefficient was significantly different from zero according to parametric tests and it was outside the 95% confidence interval of the distribution of correlation coefficients obtained from sets of random matrices. All matrix and graph analyses were conducted using the software Mathematica 6.0 (Wolfram Research 2007) . Means are given ‫1ע‬ standard error.
Results
Topology based on SCCs. Details of the topological parameters estimated for each network and the 95% confidence intervals of their expected values in random networks are shown in figure 2. The directed modularity based on SCCs was very low (a similar result, along with negative modularity in some networks, was found by estimating the undirected modularity index for the partitions based on SCCs; results not shown) but larger than the random expectation in eight food webs and seven replacement networks. We found more than one nontrivial SCC in only three of the food webs (two nontrivial SCCs in each case) and in none of the replacement networks. The number of nontrivial SCCs differed from the random expectation only in the three food webs with two nontrivial SCCs. The proportion of species in the largest SCC varied widely, ranging between 0.02 and 0.91. At the same time, this proportion was lower than the random expectation in all of the networks. Directed connectance within the largest SCC was higher than the random expectation in all but one of the networks. The structure of most of the networks can be described as a core SCC, comprising a variable proportion of species, with many trivial SCCs connected to it ( fig. 3A, 3C ). In the case of replacement networks, the trivial SCCs had access to the core SCC, whereas in the case of food webs, the core SCC has access to the trivial SCCs.
Topology based on maximization of Q. As shown in figure  2A , Q max was significantly higher than expected in seven food webs and one replacement network. We found more Figure 4 : Aspects of stability of the studied food webs and plant-plant replacement networks. Whiskers show the 95% confidence intervals of values obtained from 1,000 random networks with the same number of species, connectance, and root node links as the respective empirical networks. Persistence indicates the proportion of species expected to persist once the community reaches its stable state. Error sensitivity (ES; indicated by points) indicates the mean proportion of species expected to become secondarily extinct after the extinction of a randomly chosen species. Attack sensitivity (AS; indicated by triangles) indicates the largest proportion of species expected to become secondarily extinct after the extinction of a single species. than one nontrivial module (between 2 and 12) in all but one network, but the number of nontrivial modules did not differ from the random expectation in 12 out of 19 networks. The largest module was larger than the random expectation in eight food webs and four replacement networks. Compared to the random expectation, the directed connectance within the largest module was lower in seven out of nine food webs but higher in three out of 10 replacement networks. No common structure was clearly identifiable in the networks when nodes were arranged based on modularity maximization ( fig. 3B, 3D) .
Stability. Details of the stability estimates for each network are presented in figure 4. Mean persistence was in food webs and in replacement 0.99 ‫ע‬ 0.001 0.80 ‫ע‬ 0.05 networks. This was lower than the random expectation in one out of the nine food webs (Caribbean) and 8 out of the 10 replacement networks. Mean ES was 0.002 ‫ע‬ and in food webs and replacement 0.001 0.018 ‫ע‬ 0.004 networks, respectively, and was higher than the random expectation in seven food webs and one replacement network. Attack sensitivity averaged and 0.058 ‫ע‬ 0.016 in food webs and replacement networks, 0.147 ‫ע‬ 0.033 respectively, and was higher than the random expectation in seven food webs and five replacement networks.
Relationships between topology and stability. The very low variability in persistence among food webs and in the number of nontrivial SCCs in all networks (see fig. 4 ) prevented estimation of the relationships between these parameters and other variables. Only those correlations involving topological parameters obtained from partitions based on SCCs were significantly different from zero and from the correlations found in random networks. Correlations involving topological parameters based on modularity maximization either were not significant or did not differ from the random expectation. More specifically, persistence in replacement networks was positively correlated with the size of the largest SCC, and this correlation was significantly weaker than the random expectation (mean random : ). At the same time, persisr ‫ע‬ SD 0.99 ‫ע‬ 0.1 tence in replacement networks was negatively correlated with Q d , and this correlation was significantly stronger than the random expectation (random r p Ϫ0.07 ‫ע‬ ). Error sensitivity was positively correlated with di-0.34 rected connectance within the largest SCC, and this correlation was stronger than the random expectation (random ). In food webs, there was a r p Ϫ0.41 ‫ע‬ 0.25 significant positive correlation between ES and Q d , which was stronger than the random expectation (random r p ). Ϫ0.50 ‫ע‬ 0.40
Discussion
Knowledge of the functionally relevant topology of ecological networks should allow us to understand their dynamics. Strongly connected components have received some attention recently in the ecological literature because they capture simultaneously the concepts of compartments and resource cycles in ecological networks (Allesina et al. 2005; Borrett et al. 2007; Fath and Halnes 2007) . The direct equivalence between SCCs and the key components of matrix models (e.g., Brualdi and Ryser 1991) also makes SCCs an appropriate tool for describing, analyzing, and comparing the functional topology of ecological networks.
We have taken advantage of the intrinsic relationships between SCCs and the dynamical properties of positive systems to frame a qualitative analysis of interaction networks. The framework is qualitative in the sense that it does not require quantitative knowledge of interaction parameters, only knowledge of the presence or absence of interactions between components of the network. This is a great advantage when, as is most often the case, we lack sufficient knowledge about the precise values of the interaction parameters in complex ecological networks.
Functional Topology of Ecological Networks
A fundamental topological trait of ecological networks is the presence of compartments. Despite the large arsenal of methods available for delineating compartments (see Fortunato 2010 for a review), their detection in real ecological networks remains elusive. For example, Krause et al. (2003) found compartments in only 4 of 19 food webs analyzed (3 of 5 when the analysis was restricted to the more complex food webs). Our results based on SCCs indicate that food webs and replacement networks have higher modularity than random networks but that this higher modularity is based on the size and internal connectance of the compartments rather than on a larger number of nontrivial compartments. This conclusion may seem counterintuitive, as modularity does increase with the number of compartments. However, modularity indices also depend on the sizes and internal connectance of the compartments, and it is these other properties of the modular structure that appear to distinguish ecological networks from random networks. These results call for caution in analyses of modularity, as a significant modularity index value should not automatically be interpreted to mean that several nontrivial compartments exist within the network.
Based on the definition of SCC and on its relationships with theorems on the positivity of the stable state in nonnegative matrices, we predicted that ecological networks should each be organized as a large SCC to which a variable number of much smaller SCCs are connected. Consequently, directed modularity should have very low values in these networks. The networks that we studied fit this general prediction well. The directed modularity index was lower than 0.1 in 15 networks. Most networks (16 of 19) contained just one nontrivial SCC with several trivial SCCs connected to it. We found this topology in both the replacement networks and the food webs that we examined. Moreover, other food webs analyzed by Allesina et al. (2005) and Borrett et al. (2007) and the plant-plant facilitation networks in Valiente-Banuet and Verdú (2007;  results not shown) also exhibited this topology. Thus, the accumulating evidence suggests that food webs and replacement networks are seldom formed by multiple nontrivial compartments.
The functional topology of the studied networks can be clearly distinguished from that of random networks. In particular, the largest SCC of each ecological network contains fewer species and is more densely connected than is expected in a random network. We also observed structural differences between replacement networks and food webs ( fig. 3) . Each replacement network is formed by a core of species (the largest SCC) that interact with each other directly or indirectly and a number of commensal or satellite species that benefit from the core. Each food web also contains a main core that is accompanied by trivial SCCs, but in this case, some of the trivial SCCs can serve as connectors between the core and the external source of energy or nutrients. The core in a food web serves largely as a sink, whereas in replacement networks, the core serves more as a source of resources.
Functional Topology and Qualitative Stability
The nonrandom functional topology of empirical networks does not improve their stability compared to random networks. All of the empirical networks studied here exhibited equal or lower persistence and robustness than random networks. Barbosa et al. (2003) showed that ran-dom directed networks are highly likely to develop a single large SCC when link density is greater than 1. Moreover, at the average link densities of the studied networks (mean z values of 3.5 and 10.02 in replacement networks and food webs, respectively), random digraphs develop a single large SCC containing, on average, more than 93.3% of the species in the network. Random directed networks with link densities similar to those of the studied networks have nearly maximum persistence, which explains why we should not expect empirical networks to show higher persistence than random networks. Departures from randomness in network topology are most likely to result in a decrease in persistence compared to the random expectation, as we found in the networks studied here.
In addition to providing theoretical support for predictions about network topology, our framework also allows predictions about how the modularity of networks should affect the qualitative aspects of their stability. The relationship between compartmentalization and network stability is a component of the debate about complexity and stability. Most studies to date support the view that compartmentalization should enhance stability (e.g., May 1973; Rozdilskyi et al. 2004; Stouffer and Bascompte 2011) , but a few studies disagree (Pimm 1979b; Thébault and Fontaine 2010) . One source of these disagreements may be the use of different definitions of compartmentalization and different qualitative or quantitative definitions of stability. We will focus this section of the discussion only on studies that have addressed persistence and robustness in similar terms as those used here.
Our results suggest that modularity is negatively correlated with persistence and robustness in empirical networks. Modularity decreases persistence in replacement networks and robustness in food webs. These negative relationships are a consequence of the ecological interactions that determine the topology of real networks and not a general property of nonnegative matrices. This is a relevant point to make here since some significant correlations between topological and stability properties may occur even if networks are randomly assembled. For example, random networks exhibit significant correlations between ES and connectance within the largest module and between AS and maximum undirected modularity in food webs, and between persistence and size of the largest module in replacement networks ( fig. 5) . Thus, the existence of a significant relationship between the topological and stability properties of a network does not necessarily mean that the relationship is an ecological property of this type of network, as random (non-ecologically constructed) networks may also display such a relationship.
Regarding the relationship between modularity and persistence, in the case of food webs, our results do not fit our prediction but are similar to those of Thébault and Fontaine (2010) , who found that modularity does not affect persistence in trophic networks. In our study, this lack of a relationship is the result of a lack of variance in food web persistence, as most of the food webs reached the maximum persistence. This maximum persistence could be expected in the case of food webs (but not in the case of replacement networks) since a species in a food web will become extinct only if it is not connected to the root node, which would imply that some species lack a source of resources (e.g., a predator that has no prey). In general, a properly assembled food web should have maximum persistence. In any case, it is important to note that our analyses indicate that the topology of the studied food webs guaranties that all their components will have nonzero abundance in the stable state, but we cannot tell whether this abundance could be vanishingly small for some species. Quantitative analysis is necessary to address this possibility. For example, Stouffer and Bascompte (2011) used simulated network topologies as the basis for a quantitative consumer-resource model. In their simulations, a species was declared extinct when its biomass was below a minimum threshold abundance at the end of the simulation (after 10,000 time steps). These authors found a positive relationship between modularity and persistence, what seems to counter our prediction in the case of food webs. However, our definition of persistence is not exactly the same used by Stouffer and Bascompte. The results of both studies could be compatible if (a) in their simulated food webs the abundance of all species remained asymptotically positive (i.e., there would always be maximum qualitative persistence) and (b) the abundance of declining species decreased more slowly with higher modularity, since a lower rate of decline would imply that fewer species reach the threshold abundance at the end of the simulation (i.e., there would be higher quantitative persistence). This possibility deserves a detailed analysis.
The effect of modularity on robustness has not been explored theoretically. Several food web studies (Melián and Bascompte 2002; Krause et al. 2003; Stouffer and Bascompte 2011) have suggested that the existence of modules may confer high robustness by confining the effect of a perturbation to within the module where it occurs. We have not addressed this possibility. In any case, when modularity is assessed through the partition in SCCs, the confinement of perturbations within compartments loses relevance since the studied networks most often have a single nontrivial SCC. Closer to the line of our analyses is the reasoning of Melián and Bascompte (2002) , who noted that modular networks might be less resistant to fragmentation after species extinctions. Network fragmentation would lead to the extinction of the nonbasic subnetworks, so higher modularity would lead to lower robustness. Accordingly, we found a significant negative correlation between robustness (measured as error sensitivity) and modularity in empirical food webs, and this correlation was different from the correlations found for randomly assembled food webs. Thus, in the case of food webs, the correlation between error sensitivity and modularity is the result of the particular arrangement of interactions among species. We also found a significant negative correlation between robustness and modularity in empirical replacement networks, but in this case, the correlation was frequently reproduced in randomly assembled replacement networks ( fig. 5) . Thus, the negative correlation between robustness and modularity in replacement networks is not necessarily a direct consequence of how species interact within the network. It is possible that this correlation is an indirect effect of the positive correlation between modularity and connectance within the largest module ( , , ) , as the significant r p 0.75 P ! .02 N p 10 correlation between this last variable and error sensitivity is not reproduced in random replacement networks ( fig.  5) . Some of our discrepancies with different studies of the relationships between topology and stability may be real (different types of interactions may have networks with different topologies and associated dynamics), but some may result from our different perspective and metric for describing the topology of networks. The new perspective we propose shifts the focus from purely topological considerations to explicitly functional ones. By adopting novel definitions of modularity and stability we have discovered a set of predictable patterns and relationships in ecological networks. Our results disagree with the view of ecological communities being composed of multiple loosely interconnected compartments, each containing multiple species. Our framework has identified a consistent pattern in the topology of food webs and replacement networks that includes a large core of interacting species accompanied by a set of much smaller modules (most often singlespecies modules) that are connected to it. This structure confers on these ecological networks a higher stability than would be seen in a network with more compartments. Future work will have to address the biological reasons explaining the origin of this structure in each type of network (e.g., predator size and ontogenetic growth, or habitat choice in food webs; plant size, type of seed dispersal, or shade tolerance in replacement networks). The incorporation of the characteristics of this functional topology in theoretical models will facilitate a better understanding of the stability of ecological networks. The application of our framework in the analysis of empirical ecological networks will improve our knowledge of their qualitative dynamic properties, and this knowledge has direct applications in biodiversity conservation projects.
